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Introduction

During the past two decades, vessel designs have made significant
advances which include increased speeds, reduced hydrodynamie resistance,
inereased pay loads, and increased longitudinal strength. Great Lake ore
carriers have also made significant advances but with a special
restriction not felt by ocean-going vessels. The Great Lake ore carrier
has a maximum beam (B) and hull depth (D) restriction due to physical
limitations of the locks at Sault Ste. Marie, Michigan. However, these
Great Lake vessels have increased in length to 1000 feet with an
appropriate lengthening of the locks by the U.S. Amy Corps of Engineers.

Of interest to the U.S. Coast Guard, the American Bureau of Shipping
(ABS) and the shipping industry is the longitudinal strength required of
these long, shallow ore ships exceeding 750' in length. As shown in
Table 1, the L/D ratio has increased fraom 18.7 to 22.23 giving rise to
more flexible ships. These vessels experience a phenamenon known as
"springing", a 2-node vertical oscillation of the hull structure, caused
by the wave encounter frequency matching and being in phase with the
natural frequency of the hull girder. The addition of springing to the
still water and wave induced bending maments may cause large
cross-sectional dynamic stress fluctuations. These increased stresses
and associated longitudinal bending maments must be accounted for in the
search for a safe and effective longitudinal strength standard.

One illusive parameter in the study of springing has been the damping
factor (7). System damping is a combination of the hydrodynamic
darping, structural damping, cargo damping and the out-of-phase seaway
damping. In order to determine the damping factor for Great Lake ore
carriers in general, stress recordings fram strain gauges mounted on
three ore carriers have been analyzed in the effort to determine the
damping factor. The three vessels used were the M/V STBAART J. ORT, M/V
ROGER BLOUMH, and S/S EDWARD L. RYERSON. Table 1 lists the camparative
characteristics for these vessels. The stress records fram these vessels
have been recorded and analyzed with the results available in References
1,2, and 3.
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TABLE 1 - Vessel Characteristies

aRT BLOUH - RYFRSON

oA (ft) 998.0 833 730

B (ft) 105.164 105 75

L/B 9.49 7.9 9.73

D (ft) 44.9 39.2 39.0
L/D 22.23 21.3 18.7
B/D 2.34 2.68 1.92
G.T.(tons) | 32930 22041 12170
N.T.(tons) | 29918 14114 7637
H.P. 14000 14000 9000
Yr. Built | 1971 1971 1960
Owner Beth. Steel U.S. Steel Inland Steel

Background

In June 1977, Teledyne Engineering Services (formerly Teledyne
Materials Research) of Waltham, Massachusetts was contracted by the U. S.
Coast Quard to transfer specified intervals of analog tape stress records
fran these three vessels onto FM magnetic tape. These intervals were
chosen to represent high, medium and low springing stresses experienced
by the vessels during both the loaded and ballasted condition. The
intervals were chosen by the Coast Quard fram the camputer tables listed
in Reference 1,2, and 3. Tables 2-4 (Colums 1, 2, 3 and 14) provide the
listing of the intervals and maximum peak-to-through (P-T) stresses which
Teledyne was contracted to copy over onto magnetic tape. Tape Number and
interval number correspond to computer tables in these references. (For
exanple: Table 2, Tape No. "18", Interval No. "20" corresponds to same
Tape Number and Interval Number in Reference 1, Appendix B, page 48).

Upon receipt of the FM magnetic tapes and the quick-looks from
Teledyne, Structural Dynamies Research Corporation (SIRC) of Cincinnati,
Ohio was contracted to determine the range of damping values for these
specific intervals. SIRC took possession of the tapes and the
quick-1ooks for their damping analysis.

STRC Determination

For each specific interval, SIRC supplied a table of estimated roots
and an associated damping power spectra. The tables of modal parameters
and the data plots are connected by a FREGRESP-BDE number located at the
top of the table and at the bottam of the plot (i.e. for pages A-1 and
A-2, this number is 1X + 2Y+). The BIDE number before the Y refers to
the "ID" colum in the table of calculated damping values on pages A-3
and A-4. This allows the correct correlation with appropriate table and
plot. Appendix F provides a camplete listing of all damping power
spectras submitted by STRC.
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Figure 6 (a,b,c) shows a plot of amplitude versus frequency for the
(RT, BIOUGH, and RYFRSON respectively, which illustrates how the mex
awplitude under this procedure can be used to choose the appropriate
damping factor. Notice that when all data is plotted as amplitude versus
frequency, two peaks appear. This may be misleading since the pesk of
interest occurs at the known natural frequency for each vessel.

As mentioned before, the damping values calculated by SIRC represents
the total system damping which includes hydrodynamie, structural and
cargo damping. The representative system damping factor and frequency
for the specific interval was chosen by picking the damping factor and
frequency that corresponded to the max amplitude of the associated power
spectrun. For example: the damping factor of 0.01247 chosen from page
A-1 corresponds to a frequency of .3455 Hz. which corresponds to the max
amplitude of 0.4804E-03 shown in the table of estimated roots (pg. A-3)
and plotted on page A-2 (As mentioned in the cover letter fram SIRC
(Appendix B), the amplitude is in error by a constant factor).

In order to portray the camplete picture at a glance, Tables 2, 3 and
4 were expanded to include other pertinent data such as ship course and
speed, wind direction and speed, wave direction and height, max P-T
stress, and ete. This data, extracted from References 1,2, and 3, is
listed in Table 2, 3, and 4 to correspond to the OCRT, BLOUG, and
RYERSON, respectively. Parentheses used in the Tables indicate that the
data was extracted fram the last recorded entry in that colum fram the
original tables in References 1, 2, and 3.
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Method of Analysis

The system of analysis utilized by SIRC is known as MODAMS (M(Dal
Analysis and Modeling System). The technique used to determine the
desired modal parameter estimations was the multi-degree-of-freedom
(MDOF) curve fit to the frequency response data over a specific frequency
range. (see Appendix E for a brief deseription of a single d.o.f. system
used by ABS)

The algorithm used by SIRC is explained in Appendix B of this
report. This deseription gives the theoretical background for the
curvefit algorithm used to extract modal parameters from the response
spectra. This algorithm will work on spectra with no phase information
but results in an analytical function of frequency whose calculated phase
angle is essentially meaningless. Even though mode shape coefficients
would also be meaningless, the node shape evident in each graph is
damping dependent and therefore allows the determination of the damping
factor despite the lack of the phase information.

The basie concept behind the extraction of the damping values centers
on the assumption that the operating data consists of a system's response
to a fairly randam forcing funetion (fairly flat frequency of input).

The measured ~=sponse can be strain, displacement, velocity, or
acceleration. The first two are used directly and the latter two are
converted to displacement data first. Since strain relates to
displacement directly, the MDOF technique calculates Afy (page 7,
Appendix B) from a displacement/force function. Since SIRC assumed the
force applied was a constant function of frequency, using F(w) = 1.0 1bf
for division in X/F did not affect the overall shape of the response

curves.

Using this method allowed SIRC to establish the tables and
associated graphs for each interval specified by the U. S. Coast Guard.
The damping factor and frequency range chosen for each interval
corresponds to the max amplitude for the frequency range investigated,
specifically 0.01 to 1.0 Hz.

Analysis of SIRC Results

The range of values supplied by SIRC still raises the question of the
accuracy of their results. Determining the accuracy may be difficult but
determining whether or not they are in the "ballpark" would be highly
beneficial.




The damping value ( { ) calculated by SIRC is the fraction of critical

damping where: r =8
Ce
and: ¢ = damping coefficient, tons-sec/in

Ce = critical damping coefficient, lb-sec/in
= o, = 24k

Wp = natural frequency = vk/m

k = stiffness factor, tons/in

m = mass, tons-see2/in

Then ¢ represents a‘certain ratio of ¢ to ¢, to arrive at the
darping coefficient ¢ where ¢, * ¢ = e.

In order to determine a "feel” for the approximate magnitude of the
damwping values for the three vessels, a mechanical method was used to
determine the different springing parameters. This method utilizes the
filtered records fran existing stress records. It allows the
determination of the approximate damping values from mechanical 1
measuranents taken directly from stress records. )

Suppose that a free transient has the following form:

o

xe)

fe— g —

Figure 1 - Exanple of a Free Transient

Where: X(t) = Amplitude at time t, psi
Xo = Initial amplitude, psi, at t=0
X) = Amplitude after initial oscillation, psi
Xn = Amplitude after n oscillations

n = Number of oscillations
th = Time for n oscillations to occur, see
tq = Damped period, sec |

wq = Damped Frequency
wp = Natural Frequency




The free transient response for this system shown in Figure 1 is:

Xo(t) =

Xg * bt  #(gin( V1 -72 wit + ¢))

1- ¢

2

With the initial conditions being:

X(0)
X(0)

These initial
the actual forces

Xo
0

conditions are used in the mechanical analysis because
causing a peak condition is of no concern to this

analysis. The area of interest is the decay period of the record. Once
the peak springing stress is reached on a specific interval, the analysis
is measuring the rate of decay as the oscillations decrease in amplitude.

Fran the springing record, Xp, X, and n may be measured. Fram
these values the damping can be determined as follows:

Xo Xg(0) Xg(0) &
= = = * 2mn
Xn Xn(tn) Xo( n * tg)
and rearranging: 1 Xo
¢ = * In

1 - g2 2¢n ' Xn

When ¢ << 1.0, then v1 -z2 = 1.0. Therefore:

3 1 Xo
E g =_______ *Iln (1)
2 mn Xn

Equation 1 is the formula used to calculate the damping values found
in Table 5. Appendix C contains the stress records fraom which the
appropriate measurements were made in order to calculate damping via the
mechanical method. Fram the same records the damped frequency ( wg),
the natural frequency ( wp), the damped period (tq), and the
logarithmie decrement (sw? may be calculated via the following formulas:

Wg =.n_ Hz. = 2 gyn  radians (2)
tn tn secC.
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wn =_1____ *w Hz. (3)
Y1 - 2

Note: as per conditions for Equation 1, wq * w,
th
tq = sec. (4)
n

The term 1n Xg/X, from Equation 1 is often referred to as the
logarithmic decrement and is defined as the natural logarithm of any two
successive amplitudes. Since Table 5 lists the peaks amplitudes, X,
and the amplitude after n oscillations, X,, the equation for the
logarithmic decrement is modified to be:

= 1 4 In X (5)

n Xn

These parameters are calculated from the measurements taken fram
Appendix C and the results are incorporated into Table 5. The areas of
measurement are enclosed by double rectangles and are numbered to
correspond to the numerical order in Table §.

Logarithmic decrement may also be determined if the danmping value is
already known. The equation for § can be written in the simplified form:

s = 2'"; = 2"; (6)
1 - ¢
Equation 6 is an alternate method for determining é§ when ¢ is known and

the stress records are not available for mechanical measurements as performed
for Table 5.

Camparison of Results

In order to provide a means of comparison between the SIRC results and the
mechanical results, a program was written in BASIC to calculate the ¢§ , tg,
the bending mament (BM) fram the data presented in Tables 2,3, and 4. A flow
chart, the program data and the results are shown in Appendix D.

i
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i Table 5 - Damping Parameters Calculated fran Mechanical Measurements

} 1 2 3 4 5

! (Xo X tn Wg | Wn |td

: psi psi ey (see)| ° |Hz. | Hz. |sec/ey ¢ |Ref. *

%IIVT 1] 6208 2500 7 20.2 |.0207] .35 | .35 | 2.89|.129 | C1:R9:14

2 | 2327 517 ] 13.4 |.048 | .37 | .37 | 2.68].30 |C1 "
3 | 4913 2586 6 17 017 | .35 | .35 | 2.83|.107|C2 "
4 | 6465 1552 5§ 14.6 |.0434] .34 | .34 | 2.9 |.285|C2 "
5 | 7758 1034 8 24 .040 | .33 | .33 | 3.0 |.251 |C3 "
6 | 7500 3879 4 12.2 |.026 | .33 | .33 | 3.05{.163 |C3 "
7 | 7241 1243 9 26.6 |.0311| .34 | .34 | 2,96].191 |C3 "
8 | 8350 2533 5§ 17.6 |.0293] .28 | .28 | 3.52|.184 |[C4 "

9 | 11200 1887 18 52.7 |.0158| .34 | .34 | 2.93 |.099 |C5:Q-L
10 | 1917 800 6 17.6 1.0232| .34 | .34 | 2.93|.146 |C6:Q-L

Tsmucn 11 | 6600 1000 12 30.0 |.025 | .4 .4 2.5 [.025 |C7:R2
12 | 9250 2434 7 15 .0304 | .47 | .47 | 2.14 |.191 |CT " 1

13 | 5780 2720 6 18 .02 .38 .38 | 2.67 L.126 |C7T " [

|[RYERSON [14 | (.28) ----- 7 12.5 [.0289| .56 ].56 | 1.79 L. 182 |C8:R3
15 | (.47) ---- 5 9.0 ].0240] .56 | .56 |1.80 L151 |C8 "

*Reference Code C - Appendix C of this report
Cl - pg. 1 of Appendix C of this report
R9 - Reference 9 (page 19)
14 - pg. 14 of Reference
Q-L - Quick-look ;

**Nunbers in parenthesis is % with Xp being
unit 1 and X, being a fraction of Xj.
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The locator code in the camputer output refers to Tables 2,3, and 4.
For example: the first locator code in the computer output (page D-4) is
"CHSL*18*20". This refers to Table 2 meaning "ORT-High Springing Load,
Tape #18, Interval #20"., In this way a direct connection nmy be made
between Tables 2,3, and 4 and the camputer output. The equations used
for the calculations of the variables in the program are located on page
D-2.

Using the output from the computer, Tables 1 -~ 5, and the SIRC
results, a canparison was performed to see how close all inputs agree.
Figure 2 is a plot of § versus &t . The "Key" differentiates between
the SIRC results and the mechanical results. Since ¢ is small (i.e. <<
1.0), it was expected that the data points would lie on a straight line
since 3 is directly proportional to [ as per Equation 6. The nuwbered
points on Figure 2 correspond to the sequential numbering fram Table 5.
Generally the mechanical results plotted linearly with the SIRC results
but gave higher values of ¢ . This could possibly be explained by the
lack of more information on the actual sea state existing at the time of
stress measuraments. Table 6 below gives the relative comparisons
between the two results.

Table 6 - Camparison of SIRC Results with Mechanical Results

SIRC Mechanical
SIRC avg * 100
Range of ¢ Avg. Range of ¢ | Avg. | Mech. awg.
QRT .00611-.0246 .014 .017-.048 .029 48 %
BIOUH .0103-.0248 01916 .020-.0304 .0251 76 %
RYFRSON | .00337-.00745 .00480 .024-.0289 .0265 18 %

As can be seen fram Table 6, the differences in the calculated damping
factors are quite pronounced, especially for the ORT and the RYFRSON., At
first inspection, this would tend to invalidate the SIRC results. However,
despite the observed differences in Table 6 and Figure 2, an examination of
frequency versus damping yields an interesting results.

Figure 3 is plot of w versus { using the results fram SIRC. The data
points for each vessel are enclosed within a dashed line. Fram Table 1 it may
be seen that the (OXRT has a higher L/D ratio (22.2) than the other two vessels
and this would tend to meke the OORT more "flexible” than the BLOUMXH or the
RYFRSON. This in turn would cause the ORT to have a lower springing
frequency than the BLOUM or the RYERSON. Since the RYERSON has the lower
L/ ratio of 18.7, it would tend to be a stiffer ship and shos a higher
springing frequency. These observations are shown in Figure 3. The
approximate springing frequency for the ORT is 0.32 Hz. despite the loading
condition and despite the stress levels seen. By reviewing the original
stress levels, the Low Springing Ballast case for the ORT is approximately

12




one-third the levels in the High Springing Load case. (See Table 2)
This is an important observation illustrating that exciters that would be
used for establishing the fundamental mode of hull vibration (springing)
would not have to generate peak stress levels. The box girder of the
vessel would still spring at approximately 0.32 Hz. The damping would be
measured more accurately since the out-of-phase seaway damping would
essentially be eliminated.

Figure 4 is a plot of damping versus frequency as calculated in
Table 5. The nurbered points correspond to the sequential nurbering in
Table 5. The enclosed dashed lines represent the SIRC results in Figure
3. As shown, several points are outside the representative areas but the
corresponding points do correspond to the same frequency as depicted in
Figure 3. Camparison between Figure 3 and Figure 4 illustrates this
notable point: using only analog stress records (digitized by Teledyne)
during periods of vessel springing, SIRC developed a list of damping
factors and associated frequencies at springing which matched "fairly"
well with a mechanical analysis fram apparently disassociated springing
records (Appendix C) and agrees with the known natural frequency of each
vessel.

The unknowns in both analyses are (1) the components of the total
damping, (2) the method and distribution of seaway loading on the vessel,
(3) the out-of-phase/in-phase characteristies of the seaway with the hull
response, (4) understanding of the full cawplexity of the hull structure,
and (5) more accurate and complete description of the sea conditions
(i.e. wave height, wave length, wave direction, wind parameters, and
actual loading conditions). With this as part of the total
consideration, the results fram SIRC are very encouraging despite the
di fferences calculated in Table 6.

As one final attempt for correlation between the two methods, the
program in Appendix D also calculated the bending moment, B, using both
the P-T stresses of each vessel from Appendix A, but also using the max
stress, X,, fran Table 5. The calculated BM was plotted versus the
damping factor. The plot is shown as Figure 5.

The values of BM calculated by Appendix D are shown in Colum 6 of
page D-4 of Appendix D. The values for M from Table 5 are shown in
Table 7. The BM was calculated by:

M= _* o FT-Tons
12 * 2000

total bending moment, ft-tons
section modulus, in.3
stress, psi

12 in./ft.

2000 1b./ton

[ T O I 1}




1
3
hl
H
)
1
i

Table 7 - Calculated Bending Munents fram Initial Stress of Table 5

Xo B
1. 6206 PSI 23833 FT-TONS
2. 2327 v 8986 "

3. 4913 v 18868 "
4. 6465 " 24828 "
5. 7758 " 29794 "
6. 17500 " 28800  *
7. 7241 " 27808 "
8. 6350 " 24386 "
9. 11200 " 43012 v

10. 1917 * 7361 "

11. 6600 " 16500 "

12. 9250 " 23125 "

13. 5780 " 14450 "

The M used for each vessel is shown on page D-2. Since the RYERSON
worked by relative values of X, and X, no BM was calculated. The
calculated values for each vessel as per the SIRC results were boxed in.
The BM's calculated in Table 7 were overlayed with the numbered points
corresponding to the sequential nurbering in Table 5 and in Table 7.
There appears to be "general" agreement but there appears to be no
conclusions that can be derived from this plot. The plotted points would
be in better agreement if the damping factors were in better agreement.
Therefore, the points for the BIOUXH show good agreement since the SIRC
results are 76% of the mechanical results. (see Table 6) One final
coment on Table 6: just because the results show better correlation of
the SIRC results with the mechanical results for the M/V BLOUMH does not
mean that a better analysis was performed on the BIOUMH or that better
records were achieved or that springing was better identified. The only
conclusion that can be drawn as result of Table 6 is that the camparative
springing records in Appendix C may have nore closely reseambled the
BIOUH records used by SIRC. The sea conditions may have been closer to
being the same. There is nothing to say that if different springing
records had been chosen for camparison, the ORT or RYERSON results may
have proven to give the best comparison with the SIRC results.

Conclusion

Considering the information that SIRC had and did not have, the
results of their analysis is very encouraging. The damping values
provided are a combination of structural damping, hydrodynamic damping,
cargo damping, and out-of phase seaway damping. The data provided by
SIRC may be used for further analysis. In order to arrive at the true
structural damping within a vessel, an exciter capable of producing
springing may be needed in order to eliminate so many of the unknowns
which have canplicated this analysis. The sign and operation of such a
device presents its own difficulties in the form of unknowns,
assunptions, and feasibility.

PR
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Strucivral Uiyneai.s Reseatch Corporation
07293 3 ayan Way

g Cincinagti, Chio 45227

& 513-272-1102 - TWX 810-461-26156

August 15, 1977

Lt. M. Noll

Commandant (G-DSA/TP44)
U.S. Coast Guard
Washington, D.C.

Subject: Results of Springing Damping Analysis, SDRC Proposal No. 6704-01; Your RFQ No.
G-FCP-13/C22/77.

Dear Mark:

Attached you will find:

1. Table of calculated damping values.

2. Tabulation of modal parameters from each curve-fit

3. Plots with superposition of data and curve fit .
4, Theoretical background for curve-fit algorithra

There are a few comments | would like to make concerning the interpretation of results:

1. The curve-fit algorithm used on this data to extract modal parameters is briefly described {
in the attachment (4). The form of the data we curve:fit was PSD, of course, not transiar {
functions. However, the data was assumed to be a transfer function where the force spplied
was a constant function of frequency, F(w) = 1.0 Ibf so that division by this to get X/F
{actually strain/force, which is not an important difference here) will not affect the shape !
of the curves.

2. The algorithm we use to curve fit transfer functions will work on spectra with no phase
information. The result is simply an analytical expression as a function of frequency whose
amplitude is in error by a constant factor, and of course the calculated phase angle is meaning-

5 fess. Thus mode shape coefficients calculated from a power spectrum would be meaningless,

The damping on the other hand does nct suffer from the lack of phase angle. As the supei-

imposed plots show the overzll shape of the curves, which ate damping dependent, are coriect,

but the plot must be shifted up or down the vertical axis to obtain the correct amplitude. The
constant by which the curve is in error depends upon the frequency of the most dominant
peaks, so not al! the plots show the same amplitude error.

3. The Hilbert transform is used to calcualte a phase angle from a power spectrum as a function
of frequency. The inclusion of the phase angle data with the amplitude data in the curve fit ‘
allows exact amplitude correlation betwecn transfer functions calcualted trom the curve fit 1
parameters and the original doto (see Figures 1 and 2). However, as the enclosed plots show, :
the visual correlation can he dene very well by comparing the shapes of the two curves, !
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Lt. M. Noll
August 15, 1977
Page Two

4, The reason the Hilbert transform was not utilized in this project is that hardware problems
with ths computer were inhibiting a function required in the phase angle computation. For
expediency, | elected to proceed with the data reduction rather than await the correction
problem, The algorithm for curve-fitting was checked out on other data prior to reduction
of the Coast Guard data to verify the hardware problem was not interfering with its opera-
tion.

if you need more information, or have any questions, please contact me.

Regards,

éﬁ. .e.‘%u\gué[a/bw

R. Gene Smiley
Project Manager

RGS/dh

Enclosures

Structiure!l NMynamics Rese areh (Corporation
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ADPDENDIX £ - THECRITICLL 3ACKTRUUID

The theory behind modal analysis via frequency response functions FC

can be examined by reférring to the equaticns of motion for an

N degree of freedom system with viscous damping:
(J0q] + (clla) + [x1[a] = [£] (1)

where
[x)
Ccl
(x]
Lal
[£f] = time history of excitation to system
(al
(a]

This equation is inconvenient to handle with standard methods of

mass matrix

viscous damping matrix

stiffness maitrix

time history of the displacement of system

time history of velocity of systenm

time history of acceleration ol systasa

eigervalue analysis if [C] is not proportional to [:] or [K].
Howsver, 2 method has been proposed by Duncan (1)* vinich reduces
these equations to a standard esigenvalue form. In tnis nethed
conbine the identity:
(#30q) - [2] Cad = (o] ;

with Zquation 1 to oktain:

(o) [w]f {[a]| , [-C#3C0]| [Cadf.|Co] (2)
(%] Cc] |La] Lolx]| [Lad| |C2]

b

Represent this equaticn in the {cllowinz manner:

CA20y] + (2)0v] = (=] (3)

®Numoers in parentheses designat2 references zt end of szczlon

USER MANUAL (22-0ZC-73)
SDRC-Time/Data “ecdal Analysis and Modsling Systen
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“where ) r[o] ]
f”'_pa[q

1] (o]
fo] [x]
frad

= q
Lv] a
Tod]
[zJ s LEfJ-

In order to find the solution %o Eguation 3 for the case of narmonic

(8] =

inputs, first considsr the solution to the hemogenzous eguation
found by letting [2] = [0]

[Al(y] + [31[v] = [c] (4)
[Y]eSt

Seek a solution of the form [y]-
theresore [y] = s [Y]est

Hence, Equation 4, becomes,

sCAJLy] + [3]0y] = [0] or
[Ce3 + s023] 1 = o3

This set of egquations only have & solution if the deterainant of
the coefficient éatrix is zero.
det {[s_, + s[A]} =C

This leads to a s2t of 2N roots or eigenvalues S}, S2 + « + «+ S2p»
which satisfy the above eguation. TFor a resonznt sys*em, these eigen-
valu2s will occur in conjugate pairs (2). Corresperding to ezch
elsenvalue sp, there 2xists an Eigen;ector [ YT] having 25 comgcreats
satisfying the following equation:

[C21 + sLa]] 971 = (0] (5)

In the cas2 whera2 th2 eigenvalues of 2 systen er2 complex, in wnizh
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case they occur in conjugate pairs, the eigenvectors will te

complex and will also occur in conjugate pairs,

The above 2igenvectors have important orthogonality conditions
which can be easily shown. Consider the rth and p":h eizenvactors
[ ¥F] and [ ¥P] both of which satisfy Equation 5. First write
Equation 5 for the rth mode and premultiply by the transposed
vector [ PP]T, to ovtain:

(Y3751 ¥ rI-5, L ¥ P43 ¥T1=L0] | (6)
Using the reversal law for transposed matrix products‘and re-
calling trat [A] and [3] are symaetric matrices, transpose
BEquation 6 to obtains

Ce=1TCBI0 PPI+s LTI AILY PI=[0] (7)

Mext write ZEquation 5§ for the pth mode and premultiply by [i'r]T

[ETCBI0% PI+s L 2T ILAIL ¢ PI=L0] (8)
If Squation 8 is subtracted from Zquation ?, the result is:
(sp-sp) [PTITLAILRP] =

If eigenvalues s, and sp are different, the -following orihogorality

provert; relates ths {two sigenvecters,
[‘PrJT[AJ['i'p] =0 '(9)

It follows that these vectors are alsc ortho genal with reszect

“to matrix [z]

CTIT(BI[PP] = 0 (10)
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, Squations § and 10 are important orthogonality conditions which
shows that the 2N vectors [SP] form 2 linearly indegeadent set,
‘and therefore any vector in 2N spaca can be expressed as a

linear combination of these 2 vectors. Since we are interested

in frequency responss informztion, let

[2(+)]={z] ¢ (11)
and seek a solution in the form:
[y(t)] = [¥]ed* (12)

Substitute Equation 1l znd Eguation 12 into Sgquation 3 and
divide by e Wt to ovtain

Jw [A][Y] + [5](¥] = [2] (13)
Since the eigenvactors daofinsd by Zquetion § form a linearly
independent set over 2N space, write the sclution to Zquzation

(13) as a linear combination of these 2N vectors

(= > %%
= (1)

Substitute Zquetion 14 into Eguation 13 znd multiply dy r\P“]T
to obdtain:

2 2% -
R U Tr - r T,
J 4] Z NS AR Zl 3 LT[ PPz

Trom the orthogonality conditions, we obtain:

jway(¥,) = b a'p)=[~?p]'3[‘z] (15)
where

a, = [§ PI"[A][ "]
| v, = [¥P1°[s1¢7]
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Hence, we can solve Zquation 15 for ¥, to obtain:
T ¢
(pr]iz]

=
P jwagr (16)

Suﬁstituting Bquation 16 into Zquation 1k, we ortain:

Can [T eT)
[¥] = 2_ j""ar + b, (17)

=l

- However, from Equation 7, we obtai

br + S, 2, = 0

Therefore, Equation (17) can be written ;
T " 1
oN  [¥7)[2][¥ 7] i
- - (18)
=1 2y« - s)) ‘
Prequently the complex eigenvalues s, are written in the

following form:

+ . / 2! 3
sr T - ﬁr wr - J (-Or l‘_.sr 3

3 = dariping ratio

£
"

undamped nztural freguency

In terms of [Q] and [F], Squaticn 18 becomss:

g 2 e cem
Q eor ap(iw -3 w. k) @ vl- 3;’

Therelore the freguency ra2csronse function recorded from: excitztion

applied at location Xk and resgonse mcnitored at location i is: .
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(a-6)

2N
Tkr L_Pir - (19)

}(ik-a -;- - —
— ar(ied + Bp @t jeo,/1-37)

Sir.ce the eigenvaluss occur in conjugate pairs, Equation 19
can be written as

oen v
3 S/

-+
— 1 A-? 2 2
r=1 ar(aw- err-l.-; W pR Sr

2 g
*A Jl > (20)
Bpljw+ S, @, =] wr,/l- 30)

Equaticn 19 is an extremaly valuadble relationship tetween

Freguency Responsze Functions and modzl characteristics. It
relates motion at any point i due ‘o0 an force at poirt .k.
Notice that equation 19 implies that the frecusncy resgonse

"between response at i and excitation a2t X is the samez as the

function tetween rzsponse at k and excitation at i. Zzuation 15
is frequently written in the form:
2y N
§ i AF 3N Ar Ar’
iy = ik = ik  + ik (21)
*
r=1 (s - sr) r=l (s-sr) (s-sr)
where
L gr r
AY, = Rssidue 2% pole s (L.e.Ti \Pk )
ik ) A

r

(G}
w

The impulse resconse of the system can be odtained rom Zguation

21 by perforaing an inverse transiorm 1o odtzin:
28 » St .
HEeo (%) = T AL re 22
Bl = > ke (22}
r=1
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Since the roots occur in conjuzate pzirs, Ecuation

written in tre forms

22 can be ;

N r =
Hyd®)= 2 S |3y o Br 9t cos[(w f1- 3. D+fix] (23)

r=1

wher
r - r
iy = <Aik

Equatioen 23 indicates that the

(=

can be representa2é dy 2 summation of the

cosine waves times the appropriate modal

The multi-degres-ci-freedom (iDCF) curve

n the modal analysis program calculates

e

in the abcve equations. Therefore,

mpulse re

sponse ol the systex

nunber of damped

the value of A
ne u ik

. . r
18 gase W e A,
in the case wnher ik

was deternined from & displacement/force frequenty response

-

function, the value of a,. can be determired from the egquation:
. . q

Py W

ay = AT
ik
where
Aik is determined from a displacament/force functicn.

In the case where a velocity/force frequanzy response function

wilS

was curve fit with the iDUF prccedure, the parametsr 2, is

determined from th2 following:

LS

a_ = xJ W

s

r

u“rere: ¢),. is in the units of rad/sec
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Similarly, if an acceleration/Torce irequency resronse function

is used, a, 1is determined from the equation: »

g7 i 2

ap = —EFE - x (o

r r
Aix
where
(. is in units of rad/sec and
A{k is determined frem an acceleration/force funczion

If an analytical model is to be created from the test dzia,

the parama2ters a_, Lllr, Ww_and §  are 21) that is necessary
r r r -

to describe the componant with complex normal modes. rHowever,

in some cases an analyst would like to use 2 "real" node

Jete
Je

approximaticn with the associated effective mass or effective

stiffness in order to descrite the component under test via

e eerim mee-- .- the following equationt

N r r
H.k = E \Pi \Pk (24)
y r=1 M [ L‘”r W +J 7 f’ w w ]

In that case it is recommended that this approximate repressnta-

tion be determined by se%iing the magnitude of ths mode shave

coefficient equal to the magnitude of the coaplex rode shzge

valuz znd the sizn of the mode shape coeificient from one of
the ;ollo"‘n7 procecdursas:

1) iInverse of the sizn o the

'JC
N
tn
' e
-3
[\)
ry
<
‘o
o]
14 ]
ck
’_o
[o]
33
[o]
-y
9}
(1)
3
o]
(2%
1}
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2)

3)

response

from one

=]
L

The effective mass nscessary to apsre

In order

.via a "real” mode

resporise function is used to determine the nmode shape
coefficients.

The sign of the rezl portion of the mode shaps coeiffi-

cient when a velocity/Torce freguency response function
is used to define the mode shape coefficients.

Sizn oi the imaginary portion of the mode shape

coefficient when an acceleration/force freguency

response function is used to determine the mode shape

coefficients.,

ximate the actual freguency

with that descrined by Zquation 2L can de determined

of the following equations:

(Approx. P})(approx. ¥%)

w| r
240, Ajg
where Aik is determined frcm a displacemeani/Torce fuanctic
T \ r
(Approx. \Z;)(sprrox. YPk)
2 |A?,|
where égk is determined from a veloczty/xorce function
5,
(avorex. i) Annrox.\rk) x
>
2 |.: r
Alk

where A{k

to represant a componeat in an overall systan model

zasroximatior

bt
<t
®

following agprozca czn
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.. freguently be used. The uncoupleéd equations of motion for

the component in terms of modal coordinates [ ¥ ] are:

{-wz[‘m.] + jw[‘c;] + ["k,]} Cx] = (7,1

where (" n.] is a diagonal matrix of effeciive masses

[*ec.] is a diagonal matrix of effective dampness

[*k.] is a diagonal matrix of effective stiffnesses

The motion of the paysical coordinates [2Q] is related %o the

motion of thz modal coordinztes by:

[a] = CV¥] (%]

Symbolically, this can be represented by tne following diagram:

Structural
Coordinates

Modal
Coordinates

Therefore,

Remainder of Structure
9 9 9
\
lal
' ¢ 'y 'Y
(Ql =(y] 7]
)

24 ] 172 Tn
—1m m2 Mq
k 1 'I'

(0777777777777 77777777

a2 conponent can e repreéented analyticelly from test gdasz

) kz €2 k3 ) n

in an overall systen model dy a set of springs, messes, danpers and

equations of constraint which relate the moiion ol tne shysical coor-

¢inates to

the motion of the modal coordinates. Since the eguztions

of const{raint can te quite volumnous, the NASTRAY irput aad MATRIX

Seneration task trovides the capadility %o generate KASTRan huit! Foi-

Constrains

(1.FC) equations in & relatively automatic agnnow.
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Camgplisnce Patb}

4
The freguency response in a specified range can te arcrox-
imately descrived in terms of the followirg guantities:
1) "Residual Inertance" of the modes of vidbration
below the range of interest.
2) The modes of vibration which are resonant in the
specified frequency range.
3) "Residuzl Compliance" of the modes of vidbration
above the range of interest:.
bathematically this can be expressed as:
. T GO
Xip 20 Py ¥ .
By =or 7 o e, ik
r=1 & (jw+5 . t ju. V1-37)
This concept is shown gragphically in the following figures: g
4
| o————————— ———) ———— :
: — - r
- ) ) , v T T "
[ i [ [ [ v _ | ] . | : }
BTN EENE ] Ly e 1 i
UL LI T I
Z’;‘;: zl—"‘ ] ll .‘1, : E-— agslckq". ;L.‘ 1 i
M B il Inartance :;tj%:;_ Total - |
F:;:/. — \ [ b i ) w1 Ressonse
\ ! | ' vl
-7 | \<>4/ x: Pﬂ '}\ 1\ J | !&}/! Residuzl
— : — -cnzliznes
= . %7 "‘_—A — .\ i.’ A‘:A\ J“\v'_-t " A1 -
RSP W (AT SR B e e | = e et
1 NN EENER u VK TV TN ] 1
[ A N | <.
ERIANER N IR YR

1
reqyency |' - ""1 1)
# M) Frocuancy Range

of interest

The 3DCF and MOC curve fitting crocedures availadle in the

w0

Tgtimation tzsk are used t0 eveluaie the cenirizution cus

[{t
<t
0

the modes which are r

®
"
[}
pa J
W
.3
o+
'41
ja
ot
T
w»
9y

recuangy rarge uncdar

investization. In order to deternine the cecastritutisn o the
resicdual effects the Cenerates Residual command in the Frosuens

Regssonse Symthesis tagk ig usged.
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. The freguengy resd

Imately describpe
1) "Residual
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Fathematically thi

Joe
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4

[

ons2 in a spec 2d range can te arTrox-
d in terms of the followving quzatities:

Inertance"” of the modes of vibration
range of interest.

of vivration which are resonant in the
frequency ranze.

Compliance” of thz modes of vibration

range of interest.

s can b2 expressed asi
ar r r
2% §,k 4’1

L o,

> = + Z..
= ~ . . + _.pé 14£
r=1 .—.r(Jw*Srwr t jw, Y1 30 )

owvn graghically in the following figures:

R S B Y RO R S S N ; MR DO S R N
g oy b TR | | TR
AL VR T RN
45;§{~ . f} : #;ﬁlf %: Residual ;§ oo J
/,ﬁ—j.‘ ' /lrl\ i | -\i li _%,.Inertal':ce . ‘I ) 29525229 -

P i ! -] :
=S \VARY I BN N AR VAR
= —— —
el W A PFCIE W A S I N i T e L
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] N 0

ERIEEEENUNYE LR DL

Freayency (M2} i Frecuency Range i oo

investization. In

USER
SDRC-Time/Cata
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order %to gdeternine thz cecasrituzisn o the

he Generats Residual commznd in the Troguen:z

MANUAL (22-DEC-73)
fodal Arelysis and Yodeling Systen

iiialbibiessoii




1.

i sy e e D SIS ST MY s oy

2.
3.

REFERENCES

e Je Duncan, "Elementary katrices" Nacmillian Company,

New York 1946

W. C, Hurty, “Dynamics of Structures” Prentice Hall Inc. 1964
A. L. Klosterman, "On the Experimental Determination and Use
of }Modal Representazions of Dynamic Characteristics", Ph.D.

Dissertztion, University of Cincinnati, 1971.

USER MANUAL (22-DEC~75) )
SDRC-TimesData kodal Analysis and Vodeliny System




APPENDIX C

Mechanical Analysis Data




YIS

80§ il

L pddesad T 1[I0 LH

B A

RS AR A
RN I

S0 DA GENOTD g S

Z.‘OZwm JAVYM

HonouL
ibs bastn:

. o
SONOD3S

I
i
IR CE4 10048
1Y) RSN
s
1B
-
!

3 § sdanys SRDRE TR

T

TSR N (noisnaL) HE

St X(u“ mw‘ﬂv.
LA TIPS B

m

i
7

Ly
=
<@
<
vy s
o1
b
- !

pall S 2 |
aga £ | R Bt : ,
em {75 HONOWL - |
-~ - g -— i
SE==—1=%  vwv IWIL 1 NOILD3S T GE'Y IWIL ‘I NOILD3S
e Z¥ TYAHILNI vy WVAYIINI |
“rll,o CREtE e €L, ' AV LHOD €L, ‘T AVYWN LHOD 3
Sisee
AT e ——— .+ e — =




C-2

] —

R HONOHL

——

1

il AREWANTAY
VAL A _i, |
_, /.\ !

FOAL L
‘ 8L NS h T TS
:w.iﬁ 61: A‘mﬁ : | !
«NN!\* RO gL :
“muaﬁk&@w_ﬁwh
SEE e Sy T U R s

AV3Id =TT oniaN2s 3AYM
| | . € ] _
T T S S S A S S
* | ! _ R ‘
F saN003s 1 o] HONOML | T
2 e T R SANOO3S ﬂ w ﬂ -\ﬂ?7+4_T -
2 obape ¥ M Iqlgll'. ! ! . i
e I Tra ] T
g et F N WS ,r>5|?<L .
B o A Bl e
1 L

e
100 ewsposs
‘ .
-
|
eadommed
i
It t——

lﬁlﬂ.nl

QIHILTVIIN
| .

v

=t ey U

1= il

B

VIRV FER
— noWlL W Foes

—t = ﬁ

e LSy INIL ‘Al NOLLD3S
TP IYAUILN!
€L. ‘T AV LHO0D

[Fyes ¥

J &Y
Hiti:
f’r; T
L

- v

8¥:¥ IWIL “1i1 NOILI3S

Ty IVAHILN!
LT AW 1u0D |

FPY UV VO S ' . s




s

B EES TS FEE B ey 53
ION38 IAVM 1

S oy

3

. IR SN

AREHERHE
== SQN0J3S

d -

rn Ty L

\

A

14

I
ONION38
U

7 \
J e V]

—

AWM
InvM

Hi
]

S w

L..

i
{

S

~ RONOML

1
& :
b foe

s

-
aNODJ3S
t—

zzv

e xecry pererere Ty inay

[9p0a S00RS

Wi

{

— O
3
2

:__ M MbP

il
_~_

61 1 9t

3
LR
Q3H3ILTUINN

b

ol

[ae
T

o —%

vad LYy

OISN3L) MV3d =

&
- 1Sd TLLS H

. (NOISNIL) 3

T

0z 4
i

+

: .IQ._.N

-

mﬁ :

—t 1842015

R .m& RE
RER NS o

== !

TSRS 4

e b

i m S
ONIONIHGS

€ -

1

|

4.il‘..

1! _m 6. .

(A% § h_

i
|

{

! L

01L03S
£ TYAHILNI

itN

J38

60:S INWI

HONOUL

4

‘
}
i v
}
|

—

£p IVAYILNI

i £L.°Z AV 1HOD iiliifid £L.'Z AVW 1HOD S o, i
Rt b (R e LE o

¢

@

£0'S WIL " NOILD3S

111

]
1
i
1

£y TVAHILNI
€L.'T AYW 140D

T .

®




PR LI AR 5 2+ b A< B e - - — — .
] b iy e

R



g% Il %%%%

LULLLAARAL A RAY T

T v_»..er ,
€ & jonsageT
(-7 2% 1] _ouw_ .._.sou




. —— rTp——— . B e T kTN ' A e o)
Al ghos Gy Gt 8 N

tsd w04l ..\
J.S?ge\ woL iaf\x.‘i ||\ ’

TS S meS e et wre e s ee————— .

- ——— ey e e

. 2595
ascE\,: Vﬁ Wou £ (i




H9NO0T8 Y3904 A/W ©P40d3Y pa433|Ld
(SL yd3eH) 2 ydedy “p/-y8 adey

m aunbL4

o —— e = ——— % o et e mm——— — —— © ey . _————— et e . m = ————— . . - - ———— "

T

[TTgeieAamanl o T RIS GNANTR £ e Enon T
I RN R A R ||ﬂmmirm>;wwchx;f~r[;|:
MAMA m..— — m

B R T YW 8 A
SpUo2ss g zﬁg;& dmu%& -mi. xi

i A ]
I T !x; __ :||||L1!.;4iJl|r|
f.fc{;- pcé{r’.-..frfﬁ. h -eh_ ,m_. ,..: ,(o _ )'Vih v

IloJ'l

_.... _




SEC

110 KPSI

=

=

13A

CALIBRATION SIGNAL

“CB"

P a— — ——.--—ﬁ———i-——-—v—q——’_———l—- —
| i

. .

i H

- ¢ ———

|

=

poesy

FILTERED
DATA
0.3-0.9Hz

7
Iy
Y

TIME: 1330

COURSE:

»

160° (65° REL.)

¥

i R e
il it

\\Nﬂﬂ\ﬁ['“

\VVVJVV

TIME: 1518

———

- N
Akl
HERRTATR

——-“;
d‘
:,..-'
e

-y’
P weg
==
V=
e

FIGURE 13

AL AMM

| B,

"COURSE CHANGE TO 110°% (115° RIL.)

13C




B A, U e SN S

APPENDIX D

Basic Program plus Results




READ
(1abe1,3,0,p-1 ps5)

ALCULATE D3
daﬂ d riod ,

LCULATE M
(bendi ng moment)




P T

Program Variables

D2 : Logarithmic decrement = - 2%t

Vi-¢

2 rad/sec for CORT
e 3 rad/sec for RYERSON
2.5 rad/sec for BLOUGH

? : Natural frequency -w

Section Modulus (in3) 96169 for CORT
= 42196 for RYERSON

= 60000 for BLOUGR ]

D3 : Damped Period -ty " [}
L * £

Op-1
M : Bending Moment = BM= SM* 2
12 * 2000




-D3-

10 DIM 1(100,4),T$63,D$(100)64
20 INPUT L$,N
30 FOR 1=1 TO N
40 READ D$(1),D(1,2),D(1,3),D(1,4)
50 NEXV 1

60 PRINFUSING 61

61 X LOCATOR CODE  DAMPING FREQ LOG. DEC DAMPED PERIOD  B.M.
62 PRINTUSING 63

63 2 FACTOR (HZ) (SEC) (FT-T0:i5)
70 FOR L=1 TO N

80 M=2

100 1F D(L,M)=0 THEN 155

110 DE=P*pFI*D(L,M)/(1-(D(L,M)42)4.5)

12e v=g

121 §=92169

182 IF L<19 THEN 130

123 F=3

124 5=32196

185 IF L<TB THEN 130

1e8 F=2.5

127 5260000

130 D3=D2/ (F*u (L ,M))

135 M=(S2(D(_,4)/2))/ (E000%12)

140 PRINIYUSLING 141,08 (L) ,DCL,2),D(L,3),02,D3,1

141 2 #8998ty P T #.00 R TTET TR Y #.REEALL4
150 GO0 160

155 PRINTUSING 156,D%(L)

156 % mlpMBaSaEs ---o-ee- e T P P
160 MEXT L

170 END

180 DATA *CHSL*18%20",.018,.29,14€66

190 DATA: “CH5L*21%33",.0125,,33,0., "CHSL*20%D8™, . 0246, .43, 12236, “CHSE# 15%02", .01
€5,.34,20206

209 DAIA "(Haﬁ’iS*Et',.Ol&l,.34 16464, "CRIE* 15%24%% , 0145, ,3,20035, " CHSL¥E(*03"
_aLUBO4, 28,9150, CIisSL*20% 01" ,6,0,0.0,0,,"CMIL19%08" ,, 00528, .20 ,55¢84

210 DAFA “CHGHI1S 450", . 0167, .55, 10398, "LHST o LS¥08",0.0,0.0, 0., "CHIZA 17457 ", L 008
1,.92,9817, "CLSL*17751" , . 0137 , .26 , 3685 , *CLELA 06> 18% , . 0173, .28, 555 , "CLEL» CLa 21"
.00719,.84,4335

280 LATA "CL5B209210°,.0122,.21,5179, CLSE+10+07%,,0203,.31,4352, "CLOE#*19%25" .0
151,.3,459%

221 DATA “KAL35-171",,004¢3,.57,11800, "RAL¥4-2¥ 1%, 00185, 56,9110, "THILG-1&10",
00435, .57, 13420 :

#e2 DATA "KHE>L-1#13",,00514,.57,12621, RHE¥5-1%15",.00578,.57,13930,"F “*5-1+ &

*1.00582,.57,11800, "KiL*5-2419",.00533,.56,7550, "RHL*5-Z 24", . D074E, .55, 7700, A

L*5-2%39",.00355,.57,7090

223 DATA “RME28-1#10",,00405,,5%,6000, RME*4-1%11", . 00362,.58,5200, "RMU#4-1> 157 ,
00387,.57,6530, "FE*4-1517",,00475,.57 7640

224 DATA "RLL*6-1%5",.00625,.57,4470, RLL¥6-1%3",.00495,.56,4350, RLL¥6-1%10",
0524,.46,43006

225 DATA *RLB®1-1#21",.00359,.58,34170, RLE"1-1%23°,,003%5,.59,3730, "RLE#1-1+30",
0,0,0

226 DATA "BHL*13+51°,0,0,0, “BHL*ld'SO',.0171, 323,108530, "BHEY UBR*36°,.0174,.42,2
0026 , *BHES 131345 ¢ , . 0B3E, .39, 16274 , "bHB* OTRA2E+ , . 033, .34 , 16226

227 .DATA "EML*13%52%,.0303,.352,7581, “bML~ 13463, ,0248,.379,5971,"[ 4% 13%47" , .01
2B, .387,7050, "EMB 13737 ,,0143,.41,10721, "Ei13413%5°, 0227 ,.4,10503, "Elii> 12%4% ,, 01
g,.41,10111

ged DATA "PLL*13°46%,.0202,.38,7759, BLL#13%42%,0,0,0, "1LL?13%45",,0103,.283,27"
7, BLB*SH®2E" ,0,0,v, "BLL2GR*EU" ,.0117,.43,4642 , "ELE4 130257, . 0164, .4z ,4 i1l




CHSL#15%20
CHSL®*21+%33
CHSL 220228
CHSPB#15%02
CHSB#* 1 oegE
CHob*® 19%24
CMSL#20%03
CMSL*=E0%01
CMSL#*19+05
CMSE*# 153D
CMSB» 15% 06
CH?B*l?*EY
CLSL*17%31
CLSL® Q6% 12
CLSL=0s7 1
CLSB*(09+%10
CLS4%10%07
CLSR# LGy

FACTOR
0.018000
0.012500
0.024600
0.012%00
0.018100
0.014660
0.003040
0.008280
0.016700
0.006110
0.013700
0.017500
0.007190
0.012200
0.020300
0.015109

§

0.11517
0.07953
0.15846

0.07953

0.11582

S 0.09399

0.05092
0.05245
0.106714
0.03862
0.08727
0.11061
0.04550
0.07760
0.13019
0.05€23

(FT-TONS)
2.816E+(4
0.000E+00
2.349E+04
3,.899E+04
3.161E+04
3.B47E+04
1.756E+04
1.834E+04
2.092E+04
1.885E+04
7.651E403
7.555E+03
8.324E+03
9.944E+03
B.414E+(3
B.E2IE+ 03

HHL35-121
RHL®4-2%)
RHB*S-1%12
RHE#5-1213
RHB#S-1215
RHpB25-1%16
RML2%-2219
RMLES-23 4
RML<S-£439
Rivpg*d-31%10
Rib#G=3%11
" RMpA8-1%1S
RMB#4-1%17
RLL®6=-3+ K
RLL*6-1%9
RLL26-1%10
RLB#*1~-1%2]
KLE®1-1%24
RLE#1-1%20

[OTEY I
0.004559
0.004330
¢.005140
0.9005780
0.005220
0.005390
0.0074%0
0.9003950
0.00405%0
0.003520
0.002870
0.0037590
0.00625%0
0.004950
0.00%240
0.003590
0.002350

0.0204Y
0.02871%
0.02732
0.03246
0.03352
0.03257
0.02404
0.0471¢
0.0249:
0.02555
0.02eke
0.02441
0.02593
0.03251
0.03125
0.03305
0.02253
0.02118

1.037E+43
B.003E+03
1.179E+%4
1.109E+04
1.227E+02
1.037E+ (4
6.637E+02
6.795E+¢C5
6.222E+03
5.27T4E+(3
5.185K+03
S.74SL+032
6€.979E+03
3.925E+02
3.B59E+02
3.780E+03
3.66R2+03
3.322E+03

BHL*13%b)
BHL®13%50
BHR® 0BR*3
BHB#13R24%
BHY* JBR* 95
BML» 13xL2
bML#13%53
BML#*13:47
brp#1323
EMa# 1345
Bry* 1924
BLL®13=4¢
BLL#13%43
BLL® 13445
BLE*ER#*&H
BLB*BR«38
BLB*13K*S7

- -

0.017100
0.01740¢
0.023200
0.033000
0.03¢300
0.024860
0.012800
¢.014300
0.0e22700
0.012000
0.020200

0.011700
0.018400

0.10931
0.11126
0.145%23
0.21442
0.19632
0.15978
0.0813¢
0.09115
0.14594
G6.07631
0.12953

LT

0.06539

0.07438
0.,11777

9.47€E+03
T.463E+(2
8.BERE+(3
1.340C+C4
1.328E+04
1.262E+(4
S.573E+(¢3

e nsme---

S.0%2E+(C3
S.13BE+03
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23 January 1979

Lt. Mark Noll

Department of Transportation
U.S.Coast Guard (G-DSa-1/TP44)
Washington, D.C. 20590

Dear Mark:

We have received the package containing a sample copy for
the purpose of transfer of fund and your report "Evaluation
of SDRC Damping Analysis" dated 18 October 1978. Matters
regarding the feasibility study are now being handled by
Dr. D. Liu, our Chief Engineer. I believe he has discussed
this matter with you on the phone already.

© MBS RS- TR - & R - T O 8 - T VR T SRR vt BT PO P S

I would like to offer some comments, as you so requested, on
the SDRC work and your report as follows. I believe that

the SDRC work and our efforts (hereby abbrieviation as ABS'
work for easy reference) on analyzing the damping coefficient
through the use of sea trial data (stress history) are based

on the same principle, a happy coincidence. There are, however,
major differences as noted below:

(1) SDRC uses a multi-degree-of-freedom system and ABS uses a one
d.o.f. system. It is believed that the inter-modal cor-
relation in the power spectrum is neglibible with the provision
of (2) as a safeguard. ‘

(2) We employ partial spectra based on a concept proposed *
by Vanmarcke (OTC 1971) rather than the full spectrum.

{3) ABS' work also incorporate the equilibrium branch of
a wave spectrum which is assumed to be inversely proportional
to the fifth power of frequency. This is also a departure
from Vanmarcke's original idea.

; (4) Since the power spectrum transformed from the stress
time-history is expressed as blocks with constant ordinate
within a frequency cell (bin), the fabricated@ spectrum should

‘ also be in the same form as in the case in our analysis. Our

: matching criterion, as proposed by Vanmarcke, is to have the {

! guantity p of the fabricated spectrum to match that of the

measured spectrum where

.‘ =1 - 2
! p 1-m, /(momz)

TELEPHONE. 212-440-0300 CABLE ADDRESS 'RECORD” TWX" 710 S&1 3089 TELEX ITT 421966 RCA 232099 WU! 620353
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Department of Transportation
U.S. Coast Guard

i and

m, = ith spectral moment.

In pursuing the curve fitting, the damping coefficient as well
as the resonance frequency (not necessarily equal to the
central value of the frequency cell) are regarded as variables.
In doing so, the two spectra will have the same zero, first
and second spectral moments. 3

We have employed 542 intervals of the "Cort" data set (1973
season) from which one value of the damping coefficient is 1
obtained for each interval and the resulting histogram is
shown in Fig. 1.

intervals have spectrel ordinates so small that they are
nothing but small ripples in the power spectrum (no springing).
For this reason, cutoff values for the RMS value (square root
of m,) have been used and the resulting mean and standard
deviation of the set of results are shown as functions of this s
cutoff value as displayed in Fig. 2. As a result, those {
unreliable intervals are screened out as the cutoff RMS value

increases and both the mean and standard deviation exhibit
stablized trend. 1In this figure, the curves labeled as i
"C £ 0.039" represent further screening of elimininating :
the unusually high values of the damping coefficients which i
amounts to less than 5% of all intervals computed. It is ;
evident that the damping coefficient is virtually independent
of the stress level as the "stablized" portion of the curves :
indicate. It suffices to apply this conclusion without limit- |
ing it to the high stress samples since only the cases of high

springing stress are of interest.

|
|
‘ It should be noted that not all results are reliable. Some

It is apparent although the number of intervals considered in
the SDRC calculation is very small compared with our sample
size, that the mean value of their results as well as the
spread agree very well with our results (i.e., mean = 0.0145,
standard deviation = 0.0045).

As indicated in your report, results obtained utilizing the

logarithmic decrement method are much higher than those from

spectral synthesis. We have observed the same tendency through

the case of the RANDOMDEC method which yields a vibration

signature in the time domain. Svuch time domain signatures

are subsequently analyzed by way of logarithmic decrement. :
One possible explanation of the discrepancy between results i
obtained in these two methods is that in the time domain, the

signal is not truly monochromatic. In this regard, perhaps
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TO

Lt. Mark Noll ;
Department of Transportation DATE)/23/79 FILE REF
U.S. Coast Guard

the test of a ship with zero surge would yield closer agree-
ment between the two approaches.

Based on the discussion presented above, it appears that the
spectral synthesis approach is more promising. In this regard,
the approximate shape of the wave energy spectrum should also
be accounted for as our analysis indicates that the omission

of this aspect leads to about 20% higher values for the damping
coefficient on the average.

I hope the preceding comments would provoke more subsequent
discussions on this subject. If you have any suggestions
or comments, please feel free to contact me.

Sincerely yours,

:7‘ w.C Mo

Encl. N. Chen #
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APPENDIX F

Power Spectral Densities submitted

by SDRC
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